A procedure for the calculation of the two-body spectral function of a finite nucleus is presented. This spectral function is used to calculate the longitudinal part of the 16 O(e,eЈpp) cross section assuming plane waves for the outgoing nucleons. Short-range correlation effects are included in the pair-removal amplitudes by adding corresponding defect wave functions that are obtained from the solution of the Bethe-Goldstone equation in the finite nucleus. The associated G matrix is used as the effective interaction in a large but finite model space to calculate the pair-removal amplitudes in a random-phase approach. The resulting spectral functions exhibit clear differences between different realistic interactions in the momentum range 2-5 fm Ϫ1 for the initial proton momenta. ͓S0556-2813͑96͒01309-X͔ 
I. INTRODUCTION
Detectable consequences of the presence of short-range correlations ͑SRC's͒ in low-energy nuclear phenomena have been notoriously hard to come by. Recent experimental work has probed the presence of high-momentum nucleons in the ground state by studying the removal of protons from shells near the Fermi energy by means of the (e,eЈp) reaction ͓1,2͔. Earlier theoretical calculations performed in 16 O actually suggested that the consequences of SRC's, as reflected by the presence of high-momentum nucleons, can only be probed at high excitation energy in the hole nucleus 15 N ͓3,4͔. Indeed, little evidence for the presence of highmomentum nucleons in both 207 Tl ͓1͔ and 15 N ͓2͔ at low excitation energy has been gathered. It remains to be verified experimentally whether an unambiguous signal of highmomentum protons in the nucleus can be isolated using the (e,eЈp) reaction.
Suggestions to explore SRC's in two-nucleon emission reactions go back to the work of Gottfried ͓5͔. More recently, theoretical work has focused on the possibility of utilizing the (e,eЈ2N) reaction to probe nucleon-nucleon correlations ͓6-8͔. Practical descriptions of this reaction have been developed by the Pavia group ͓9-12͔. Proceeding in a similar vein as in the analysis of the (e,eЈp) reaction, which yields information about the one-nucleon͑-removal͒ spectral function, one may hope to learn about the two-nucleon ͑-removal͒ spectral function in two-nucleon-emission processes. The emission of two protons is particularly promising for studies of SRC's since the effect of meson-exchange currents and isobars is not expected to dominate the cross section under suitable kinematic conditions ͓10͔.
Experiments have been carried out for 12 C ͓13͔ and 16 O ͓14͔ to explore the feasibility of gaining insight into nucleonnucleon correlations in finite nuclei using the (e,eЈpp) reaction. Triple-coincidence measurements involving protons with large initial momenta seem particularly suitable to provide information on SRC's. The scattered electron is then expected to transfer a virtual photon to one of these two protons which have large and opposite momenta and therefore a relatively small center-of-mass momentum. This strong correlation results from hard collisions due to the strong repulsive core of the nucleon-nucleon (NN) interaction. When one of the protons is removed by the absorption of the virtual photon, its partner will also leave the nucleus under the assumption that the energy transfer is mainly to the hit pair ͑the residual nucleus stays at a low excitation energy͒ ͓9͔. It is therefore hoped that, if the coupling of the virtual photon to one nucleon is the dominant mechanism, the (e,eЈpp) process may be exploited as a useful tool to investigate these short-range correlation effects ͑see also Ref.
͓15͔͒.
It is the purpose of the present paper to calculate the twonucleon spectral function of 16 O for transitions to the lowlying states of the final 14 C nucleus, including the effects of short-range correlations. Modifications of the two-body spectral function, due to low-energy shell model correlations, will also be taken into account. In Sec. II of this paper the relevant theoretical ingredients are gathered which are needed to calculate the two-body spectral function. Section III contains a description of the two-step procedure which includes a folding of short-range correlation effects into a calculation of the two-body propagator in a configuration space large enough to deal adequately with long-range correlations. Details of the latter calculations are discussed in Sec. IV. Results for the two-nucleon spectral function and a first estimate of the corresponding longitudinal cross sections are presented in Sec. V, while some conclusions are drawn in Sec. VI. † (a p ) represents the addition ͑removal͒ operator of a nucleon with momentum p ͑spin and isospin are implicit͒.
Since nuclear states have well-defined angular momentum and parity quantum numbers, it is useful to expand these operators into a basis with shell model quantum numbers according to
with ␣ϭ͕n ␣ ,l ␣ , j ␣ ,m ␣ ͖. For the description of bound systems one can employ single-particle wave functions which correspond to Woods-Saxon or harmonic oscillator eigenstates. If the experimental energy resolution of the coincidence cross sections is sufficiently good, it is possible to identify contributions from individual low-lying final states, with well-defined angular momenta. It is therefore natural to introduce a pair wave function in angular momentum coupled form ͓16-18͔
where a Clebsch-Gordan coefficient is employed, and the indices c and d denote basis states without the magnetic quantum number: aϭ͕n a ,l a , j a ͖. The spectral function ͑1͒
for final states with angular momentum J can now be written as
The two-nucleon-removal spectral function S abcd;JM Ϫ may be calculated by constructing shell model wave functions for the initial and final nuclei and, subsequently, determining the matrix element of the angular-momentum-coupled twonucleon-removal operator (a p 1 a p 2 ) JM . A more direct method, which will be employed here, is to use the relation between the spectral function and the ͑imaginary part of the͒ two-particle Green's function:
The latter describes the propagation of a pair of nucleons through the nuclear medium and contains information on both two-particle removal and two-particle addition. Its Lehmann representation, in angular-momentum-coupled form, is given by
elements ͓16-18͔ of the two-nucleon-removal and -addition tensor operators that are constructed by the angular momentum coupling of two one-nucleon-addition and -removal tensors ͓a ␣ † and a ␣ , where a ␣ ϭ(Ϫ) j ␣ Ϫm ␣ a Ϫ␣ and Ϫ␣ denotes ͕n ␣ ,l ␣ , j ␣ ,Ϫm ␣ ͖, the time reverse of ␣͔. The spectral function ͑1͒ may then be written as
One reason to prefer a calculation of the amplitudes X via the Green's function ͑6͒ is that one may take advantage of experimental knowledge about the one-nucleon Green's functions:
These contain one-nucleon-removal amplitudes, which are probed in (e,eЈp) reactions ͓19-24͔. where ⌫ denotes the irreducible effective particle-particle interaction. From the one-nucleon-removal experiments one knows that the spectroscopic strength for the lowest states is typically only 50-70 % of the values predicted by the independent-particle shell model and that another 10-20 % is fragmented over the experimentally analyzed energy region of about 20 MeV. If one keeps only the first term on the right-hand side ͑RHS͒ of Eq. ͑9͒, a corresponding fragmentation is also predicted for the two-nucleon-removal strength and it is only the interaction term which may further influence G II . The strong fragmentation of the one-nucleon removal strength is attributed to the strong coupling of singleparticle motion to ͑low-energy͒ excitations of the residual nucleus ͓26-30͔.
In addition to this coupling at low energy, a 10-15% depletion of filled orbits is expected on the basis of nuclearmatter results for SRC's ͓31-37͔. Recent calculations for 16 O ͓3,4,30͔ confirm this estimate. Related to this depletion is the appearance of high-momentum nucleons in the ground state. These high-momentum nucleons are expected to be observable at high missing energy in the (e,eЈp) reaction ͓3,4͔. In the present work we focus on the high relative momenta of two-nucleon wave functions induced by SRC's. The preceding discussion suggests that, for a calculation of the high-momentum components of the two-nucleon spectral functions for discrete final states, both long-and short-range correlations should be taken into account. A method to deal with both aspects is presented and applied in the next sections.
III. INCLUSION OF SHORT-AND LONG-RANGE CORRELATIONS
A. Short-range correlations from the Bethe-Goldstone equation
In a pure mean-field approximation for 16 O, the expansion in Eq. ͑4͒ of the two-hole spectral function contains the contributions from the filled 1s and 1p shells only. The description of the high-momentum components due to SRC's requires the inclusion of a very large number of basis states, at least up to 100ប in a harmonic oscillator basis ͓38͔. The description of long-range correlations by solving a BetheSalpeter equation ͑9͒ within such a large space is not feasible, however. For this reason the complete basis is split into a model space M, which is supposed to be large enough to accommodate long-range correlations, and a complementary space M , which is responsible for the high-momentum components due to SRC's. The justification for this procedure is that SRC's are caused by close encounters of two nucleons, which mainly depend on the nuclear density, and therefore are not very sensitive to details of the long-range structure. 
͑12͒
The essential step taken in this work is to approximate the spectral function ͑7͒ by the expression
where the summation over orbits is limited to the finite shell model space M and the uncorrelated wave functions are replaced by the correlated ones ͓see Eq. ͑10͔͒. This is in line with the argument just given, that hard binary collisions, treated in the BGE and giving rise to high-momentum components, proceed independently of the long-range correlations. The latter are taken into account in the shell model amplitudes X within the limited space M.
The defect function ͑11͒ is calculated for various partial waves of relative motion of the two nucleons. One must therefore expand the two-particle shell model wave functions in oscillator states of the relative and the center-of-mass momentum of the pair:
One obtains
where the coefficients C in Eq. ͑15͒ are obtained by angular momentum recoupling and a Moshinsky transformation ͓17,41,42͔,
with the notation ĵϭͱ2 jϩ1. In this expression the nine-j symbol originates from the transformation of the coupling scheme
to the alternative scheme
and the six-j symbol represents the recoupling from lϩLϭ, ϩSϭJ ͑19͒ to lϩSϭJЈ, JЈϩLϭJ. ͑20͒
The Talmi-Moshinsky transformation brackets, which presuppose that all states involved are of the harmonic oscillator form, may be found in the tables of Ref.
͓42͔. An explicit expression for the more complicated case of unequal mass particles may be found in Ref.
͓43͔. The partial-wave terms can be written in terms of the shell model wave functions according to
where R nl represents radial wave functions and Y lm the spherical harmonics. The symbols denote the spin wave functions. In the present application wave functions are always calculated in complex conjugated pairs; cf. Eq. ͑7͒. This means that in the spectral function the spin part can be dealt with explicitly, using ss z * ss z Ј ϭ␦ s z s z Ј . So the factor (s a s a,z s b s b,z ͉SS z ) will drop out together with the summation over s a,z and s b,z due to the condition that the total spin S be the same in both two-body wave functions for each term of the spectral function ͑7͒. The SRC's are now introduced by the addition of the defect wave functions from the BGE to the uncorrelated partial waves ͑for the relative motion͒:
with lЈϭl,lϮ2. The contribution lЈϭlϮ2 arises for triplet (Sϭ1) states, due to tensor components in the NN interaction. Defect wave functions obtained for the Bonn-A, Bonn-C ͓44͔, and Reid-soft-core ͓45͔ NN potentials are displayed in Fig. 1 .
B. Alternative: SRC's represented by correlation functions
An alternative method to introduce short-range correlations in the two-particle-removal amplitudes is inspired by the correlated basis function ͑CBF͒ method ͓46͔. At the variational level the correlated many-body wave function is related to the uncorrelated (A-body͒ wave function by ͓47-49͔
where the correlation functions and corresponding operators are denoted by f k and O k , respectively. Only two-body correlations are explicitly considered in Eq. ͑23͒. The Pavia group has proposed ͓9͔ to use these correlation functions to modify the short-range behavior of the relative wave function of the removed pair
When only central correlations are considered in Eqs. ͑23͒ and ͑24͒ one refers to Jastrow wave functions ͓47͔. Jastrow correlation functions, calculated by Clark ͓50͔ for the KallioKolltveit ͑KK͒ ͓51͔ and Ohmura-Morita-Yamada ͑OMY͒ ͓52͔ interactions, have been used by the Pavia group to calculate (e,eЈ2N) cross sections ͓9-12͔. In general, all the operators that are important in the nuclear two-body interaction should be included in Eq. ͑24͒ ͓49,53͔. The eight most relevant operators are listed in Table I . Recent variational Monte Carlo calculations for 16 O ͓54͔ have generated a set of correlation functions appropriate for these operators. It is important to keep in mind that the use of correlation functions is plausible but does not represent a consistent CBF treatment of the two-nucleon-removal amplitudes. Such a consistent CBF treatment has been developed for the onenucleon spectral function for nuclear matter ͓32,36͔.
A recent application of Green's function techniques to the calculation of relative two-nucleon wave functions in nuclear matter also allows the extraction of a correlation function ͓55,56͔. Since SRC's are expected to depend mainly on the local density, it is meaningful to consider the application of this correlation function and compare its result with those obtained with the defect functions from a Bethe-Goldstone equation. The work in Refs. ͓55,56͔ also demonstrates that the spectral function in coordinate space can be interpreted as the product of the in-medium wave functions of the removed pair at a given energy. This suggests that the use of correlation functions might be fruitfully compared to results obtained by using defect wave functions.
Such a connection between defect functions and correlation functions may be made by the observation that the correlated wave function calculated with the defect function ͑11͒ can also be expressed in terms of the correlation functions in Eq. ͑24͒: ⌿͑r ͒ϭ⌽͑ r ͒ϩ͑ r ͒ϭO͑ r ͒⌽͑ r ͒. ͑25͒
For the Tϭ1 case, appropriate for two protons, the correlation operator is given by
where the tensor operator Ŝ 12 is given by the expression 3( 1 •r 12 ) ( 2 •r 12 ) Ϫ 1 • 2 . In order to disentangle the different contributions to the correlated wave function, the following matrix elements are needed for proton-proton (Tϭ1) wave functions: 
These results can be applied to find the correlated wave function for different quantum numbers l, S, and J. Using the partial-wave notation 2Sϩ1 l J for lϭS, P,D,F, the correlated waves can then be written as
͑32͒
The correlation functions can be extracted, if the defect functions are transformed to coordinate space, by means of a Fourier-Bessel transformation. For instance, Eq. ͑27͒ then yields
where f c is defined as f c Ϫ1. Since the sum of Eq. ͑28͒, 3 times Eq. ͑29͒ and 5 times Eq. ͑30͒, is independent of f lS and f t , this linear combination together with Eq. ͑33͒ is used to extract the central and spin correlation function f c and f . By elimination of these from the set ͑28͒-͑30͒ also the spinorbit and the tensor correlation functions f lS and f t can be obtained. These functions are plotted in Fig. 2 for the Reid potential. Before we discuss these results more in detail we should mention that certain approximations have to be made to arrive at this representation of the defect function in terms of local correlation functions. As a result of the Pauli operator Q occurring in Eq. ͑10͒, the defect function calculated for a finite nucleus does not simply factorize into a product of wave functions depending on relative and on center-of-mass coordinates. In order to arrive at a defect function just depending on a relative coordinate, we had to average over the center-of-mass variable. Furthermore, it should be noticed that for the determination of the various correlation functions we have to consider also partial waves with orbital angular momentum lу1. Since the effects of correlations are much less significant in these partial waves than for the lϭ0 partial waves, the resulting correlation function could be affected by inaccuracies in these channels.
Nevertheless, the comparison of these correlation functions deduced from the defect wave functions for finite nuclei with those obtained in nuclear matter ͓55,56͔ for the same Reid potential ͑dashed line in Fig. 3͒ is quite reasonable. Note that the correlation function for the 1 S 0 partial wave, shown in Fig. 3 , is related to the components displayed in Fig. 2 by the relation ͑27͒. In Fig. 3 also the correlation functions for the older KK ͓51͔ and OMY ͓52͔ potentials calculated by Clark ͓50͔ are displayed. Especially the correlation function calculated for the OMY potential gives a more pronounced suppression of the relative wave function at short distances than is the case for the Reid potential. If one assumes, as is done in variational calculations, that correlation effects can be described in terms of correlation functions f k , depending on the relative distance, which are the same in the different partial waves, then the formulas ͑31͒ and ͑32͒ can be used to construct the 1 D 2 and 3 F 2 defect functions. We find that the 1 D 2 and 3 F 2 defect functions of Fig. 1 Fig. 4 . The effect of SRC's in these functions can be investigated in the present approach if the correlation functions are transformed to the form of defect functions. This transformation implies a Fourier-Bessel transform and the algebraic manipulations described by Eqs. ͑27͒-͑30͒. The results of this transformation are shown in Fig. 5 . There is a reasonable agreement between the Reid and Argonne v 14 potentials for high relative momenta, but for low momenta they differ. As discussed before, defect functions calculated within the finite nucleus do not simply factorize into a relative and a center-of-mass part. Since this problem originates from the Pauli operator, it is particularly severe for low momenta already present in the uncorrelated wave functions. This might be the explanation for the discrepancy at low momenta. In addition, one should keep in mind that the Argonne potential ͓57͔ does not go to infinity at zero relative distance but has a finite core. This results in a central correlation function which does not become equal to Ϫ1 for zero relative distance ͑see Fig. 4͒ as is the case for the Reid potential ͑see Fig. 3͒ .
IV. LONG-RANGE CORRELATIONS IN THE DRESSED RPA
The shell model two-particle-removal amplitudes X ab nJ are obtained within the adopted model space M by solving the Bethe-Salpeter equation ͑9͒ for the two-nucleon propagator in dressed random phase approximation ͑DRPA͒ ͓28͔. This implies that the dressed one-body propagators g that occur in Eq. ͑9͒ are calculated first by solving the Dyson equation ͓30͔
As discussed in Ref. ͓30͔, the irreducible self-energy ⌺* includes a Hartree-Fock term containing the G matrix as an energy-dependent interaction plus a term of second and higher order in this interaction, which accounts for the coupling of the hole propagator to two-particle-one-hole and two-hole-one-particle propagation. The Dyson equation and the corresponding self-energy are given in Fig. 6 . The results for the calculated propagator may be compared with the measured spectral function in the (e,eЈp) experiment on 16 O ͓24͔. We have found ͓30͔ that within a model space of four major shells employing a G-matrix interaction con- Ϫ states, while the analysis of the experimental data ͓24͔ yields 0.65Ϯ0.05 and 0.63Ϯ0.05, respectively. As a result, the first term in Eq. ͑9͒ and the corresponding contribution to the two-body spectral function ͑4͒ will be overestimated at low energy. For example, a 2 ϩ configuration built with a p 1 2 and p 3 2 hole contains just the product of the above spectroscopic factors. This product will be too large when our calculated one-body Green's functions g are inserted into the BetheSalpeter equation ͑9͒ for G II . This could be improved by reducing the residues of the dominant pole terms in Eq. ͑8͒ to match the (e,eЈp) spectroscopic factors. We have not done this in the following, since our main aim is to investigate the gross features of the two-nucleon-removal strength and compare the high-momentum components obtained with different NN interactions.
The BSE ͑9͒ for G II is solved in the space M with the G matrix as the effective interaction ⌫. The difference with the conventional RPA is reflected in the use of dressed single-particle propagators g. The method to solve the equations has been discussed in Ref. Triple-coincidence measurements of the scattered electron and the two knocked-out protons with sufficient energy resolution may determine the cross sections for low-lying, discrete final states in 14 C separately. It is therefore useful to consider results for the individual low-lying transitions to 14 C. Results for the low-energy spectrum of 14 C, obtained from the DRPA equation with a G-matrix interaction deduced from the Bonn-C potential, are listed in Table II , together with the amplitudes X ad J of the dominant configurations. The squares of these amplitudes do not add up to 1, but rather to a number comparable with the product of two spectroscopic factors as discussed in the previous section.
A comparison with the experimental 14 C spectrum ͓60͔ reveals in addition to states with energies and angularmomentum-parity quantum numbers (J ), which can be interpretated as two-proton holes, e.g., in the 1 p shells, also states that must be ascribed to more complicated mechanisms. For instance, the 1 Ϫ state at 6.094, 0 ϩ at 6.589, and 3 Ϫ at 6. 2 ) Ϫ1 configuration. Other two-protonhole states in 14 C are expected at higher excitation energies. The strength of the negative parity configurations is spread over a larger energy region; cf. also Fig. 7 .
Since we are interested in the high-momentum components of the two-proton spectral function, in order to obtain information on the SRC's, one must address the question, which final states are most strongly populated by the removal of a correlated 1 S 0 proton pair from the 16 O ground state? For large relative momenta the 1 S 0 partial wave has a much larger defect function than the 3 P or higher partial waves; cf. Fig. 1 . Therefore it is to be expected that the strength distribution for the knockout of a strongly correlated protonproton pair, as a function of energy, follows the pattern of the 1 S 0 -removal spectral function FIG. 6 . Part ͑a͒ depicts the Dyson equation for the dressed onebody propagator. Part ͑b͒ shows the corresponding irreducible selfenergy ⌺* which is approximated by the Hartree-Fock term with G-matrix interaction plus higher-order terms, including all interactions between two holes and one particle or two particles and one hole in the Tamm-Dancoff approximation ͓30,65͔. 
in which the operator (aa)
annihilates two particles coupled to 1 S 0 . This removed pair is further characterized by the radial quantum numbers n of the relative motion and the quantum numbers N and L of its center-of-mass motion. The spectral function ͑35͒ can be expressed in terms of the recoupling coefficients of Eq. ͑16͒ and the two-nucleonremoval amplitudes X given in Eq. ͑6͒ by a straightforward recoupling ͓16͔:
where the coupling coefficients C are defined ͑for general partial waves͒ as
͑37͒
In Eq. ͑36͒ the spin S is set to zero. The easiest way to calculate the 1 S 0 -hole spectral function ͑35͒ is to rewrite the expression ͑35͒ in the form
where the vector v ab;J is obtained by inverting Eq. ͑37͒ with fixed values of n, N, and L for a given (lS)JЈ. In the calculations presented here, n, N, and L are chosen to have the lowest possible values. The advantage of rewriting Eq. ͑36͒ in the form of Eq. ͑38͒ lies in its similarity to the expression for the particle-hole response functions ͓28͔. The spectral function ͑38͒ can now be calculated, using a continuous RPA method ͑calculate G II with →ϩi⌬, where ⌬ is a finite energy͒, which avoids the intermediate step of calculating the amplitudes X.
The resulting 1 S 0 -pair-removal spectral function ͑35͒ is plotted in Fig. 7 . The strongest peak at low excitation energy comes from the 2 1 ϩ state; cf. Table II . It is much stronger than that for the 0 ϩ ground state, partly due to the factor 2Jϩ1. The smaller peak around 12 MeV excitation energy, on the slope of the beginning 1 Ϫ distribution, has a 0 ϩ part slightly smaller than the ground state and a 2 ϩ part almost one-third of the first 2 ϩ . Experimentally ͓61,60͔ the 2 2 ϩ state is at 8.32 MeV and the 0 2 ϩ state at 9.75 MeV, and so they could be separated with sufficiently good energy resolution. The 1 Ϫ contribution is spread over a wide energy region. Analogous to expression ͑35͒, a 3 P-pair-removal spectral function may be defined ͑putting lϭ1 and Sϭ1). This function is plotted in Fig. 8 . In this case the contributions with different center-of-mass angular momenta L show up mainly at different energies.
B. Spectral function for the lowest 0
؉ and 2 ؉ states
One of the goals of the present study is to provide a sensible estimate of the (e,eЈpp) cross section. In the next subsection we will discuss the calculation of the longitudinal part of this cross section. In the analysis of the (e,eЈpp) data on 12 C at NIKHEF-K ͓64,9͔, the virtual photon is assumed to couple to one of the detected protons. This approximation can be understood by considering the transition matrix element of the nuclear charge operator in momentum space, FIG. 7 . Calculated spectral function ͑35͒ for the removal of a 1 S 0 pair from the nucleus 16 O as a function of the energy E of the final state in 14 C relative to the ground state energy of 16 O ͑the first 0 ϩ corresponds to the two-proton separation energy͒. The plot represents the removal probability for a 1 S 0 pair with radial quantum numbers nϭ0 for the relative motion and orbital angular momentum of the center of mass L equal to the total angular momentum of the final state in 14 C. The peak labeled with ''2 ϩ /0 ϩ ,'' on the slope of the beginning 1 Ϫ distribution, has a 0 ϩ part slightly smaller than the ground state and a 2 ϩ part almost one third of the first 2 ϩ . 
͑with spin implicit in the summation͒, between the initial state ⌿ 0 A and an approximate final state of the form
͑40͒
This final state contains two plane-wave protons and an exact state ⌿ n,AϪ2 for the system with two protons removed. In calculating the matrix elements of the transition charge operator one obtains
assuming that one of the detected protons absorbs the momentum q. To obtain the contribution to the cross section one requires the square of this matrix element. This yields four terms, each representing a particular term of Eq. ͑1͒. It is therefore clear that the appropriate expression to consider is the quantity
where the vector q is the momentum of the virtual photon. A sensible way to plot Ŝ is to fix the angles of the momenta at some reasonable configuration of detectors, e.g., corresponding to the measurements at NIKHEF ͓14͔. As an example, we have plotted in Fig. 9 the corresponding two-proton spectral function ͓without the delta function in Eq. ͑1͔͒ at the energy of the first 0 ϩ and 2 ϩ states, for the high-momentum parts of Eq. ͑42͒ obtained with the Reid-soft-core and Bonn-A potentials. In the plots labeled ''No SRC'' harmonic oscillator states have been used for the relative wave functions in the spectral function. As expected, one observes that these give no contribution at higher momenta. The highmomentum part of the spectral function is about a factor of 2 larger for the Reid-soft-core potential than for the Bonn-A potential in the momentum range around 3 -5 fm Ϫ1 . The short-range correlations give rise to a spectral function which is clearly distinct from the one without SRC's. In Fig. 10 the spectral strength for the same states is shown using Bonn-C defect functions. No significant difference with the Bonn-A calculation is observed. Corresponding results for the KK and OMY correlation functions, also shown in Fig. 10 , yield a significantly larger spectral strength for the transition to the ground state, apparent already at lower momenta. The OMY results for the transition to the first 2 ϩ state also exhibit stronger SRC effects than the ones obtained with more realistic potentials. In the spectator model with a plane-wave approximation for the outgoing protons ͓9͔ ͑see previous discussion͒, the longitudinal contribution to the eightfold differential cross section is proportional to the zero-zero part of the hadronic tensor and given by
i.e., it is proportional to the combination of spectral functions given in Eq. ͑42͒. In Eq. ͑43͒ the symbols K, L , and G E p represent a kinematical factor, the longitudinal polarization, and the electric form factor of the proton, respectively ͓9͔. This longitudinal cross section is plotted in Figs. 11 and 12 for the 0 ϩ ground state and the first excited 2 ϩ state of 12 C, respectively, and for the same kinematics as adopted in the calculations of Refs. ͓9,10͔. In this coplanar setting the virtual photon momentum q is by definition along the z axis, while the two detected protons are in the x-z plane at equal angles with respect to q. By varying this angle ␥ pq , one is able to vary the relative and center-of-mass momenta of the pair simultaneously.
Our results agree with those for the OMY and KK potentials in Fig. 1 of Ref. ͓10͔ for angles larger than 50°. For smaller angles the cross section is largely spurious, due to the use of plane waves for the knocked-out protons in the final states, instead of waves orthogonalized to the bound states. This spuriosity of the cross section is clearly indicated by the fact that for the small angles the calculated curves are all roughly equal to the one labeled ''no SRC,'' calculated without defect functions. If there were neither short-nor long-range correlations, the cross section should be zero. Our separate treatment of short-and long-range correlations makes it difficult to give a reliable prediction for the angles below 50°, i.e., for initial proton momenta of about 1.5 fm
Ϫ1
. These momenta are too large to be sufficiently covered by the limited shell model space in which we treat the longrange correlations, while they are too small to avoid the aforementioned problems with the Pauli operator in the Bethe-Goldstone equation. To stipulate this problem and because a more satisfactory treatment is outside the scope of this work, we present the results as displayed in Figs. 11 and 12 and shall further focus on the larger angles, corresponding to higher initial momenta, approximately 2 fm Ϫ1 , of the protons. For these momenta the predictions are more reliable.
The main features of Figs. 11 and 12 may be qualitatively understood from the range of center-of-mass momenta and relative momenta involved. The center-of-mass momentum becomes zero for ␥ pq Ϸ56°and increases to 1.4 fm Ϫ1 at ␥ pq ϭ80°. This explains why all curves have a dip around 56°in Fig. 12 . In the dominant 2 ϩ configurations, the only part with L c.m. ϭ0, and which is therefore nonzero for p c.m. ϭ0, is multiplied with a relative 1 D 2 wave, which has negligible short-range correlations. The steep rise of the curves above 60°in Fig. 12 illustrates the importance of the L c.m. ϭ2 part in the 2 ϩ wave function, multiplied by the relative 1 S 0 wave function. The difference between the Bonn, Reid, and Argonne potentials for ␥ pq ϭ70°-80°in Fig. 12 may be traced back to the 1 S 0 defect functions in Fig. 5 . With the adopted value of 1.8 fm Ϫ1 for the proton momenta, the relative momentum ͉p 1 -p 2 ͉/2 ranges from 1.8 fm Ϫ1 for ␥ pq ϭ56°to 2.04 fm Ϫ1 for ␥ pq ϭ80°. Within this narrow range of momenta the 1 S 0 defect function goes through zero for the Bonn potential while it is largest for the Argonne potential.
The trends shown in Fig. 11 for the 0 ϩ ground state may be understood by similar considerations. Those for OMY and KK potentials are the most obvious. These include only 1 S 0 correlation functions. In the 0 ϩ configurations these go together with L c.m. ϭ0, which explains their maximum near ␥ pq ϭ56°, for which p c.m. ϭ0, and the rapid falloff with increasing p c.m. at larger angles. For the more realistic Bonn, Reid, and Argonne potentials the trend is different. This is due to the fact that the dominant (1p 1 2 )
Ϫ2 component in the ground state is made up for two thirds of a 3 P 1 , L c.m. ϭ1 state. The 3 P 1 defect function, shown in Fig. 5 , is rather large around 2 fm Ϫ1 for the Bonn and Reid potentials and gives the main contribution for ␥ pq Ϸ60°-70°in Fig. 11 . This explains why the Argonne result is lower here, in spite of its larger 1 S 0 defect function. From these considerations it is clear that the ratios of predicted cross sections for different potentials depend on the probed momentum range. For larger relative momenta, ͉p 1 Ϫp 2 ͉/2Ϸ3 fm Ϫ1 or higher, one tests mainly the 1 S 0 defect functions ͑squared͒, which give a factor of 2 larger cross FIG. 9 . Superposition of spectral functions ͑42͒ appropriate for the removal of two protons with final momenta p 1 and p 2 from 16 O leading to the final 0 ϩ ground state or first excited 2 ϩ state in 14 C. The plots are given for a kinematic setting used in experiments at NIKHEF ͓14͔. The momentum vector q is fixed along the z axis, with length 313 MeV/c. The momenta p 1 and p 2 are in the same plane with q at Ϫ49°and 123°angles with respect to this transferred momentum, respectively. The upper plots correspond to harmonic oscillator wave functions without the inclusion of short-range correlations. In the lower plots these SRC's are incorporated by the defect functions of the Reid potential and the Bonn-A potential ͑see Fig. 1͒. sections for the Reid than for the Bonn and Argonne potentials. This is outside the reach of the facilities at NIKHEF or Mainz, but might be possible at CEBAF. Before making strong recommendations in this direction, one should also consider contibutions from transverse and two-body currents. A careful study of these processes as well as the inclusion of distortion effects should be the subject of future investigations.
VI. CONCLUSIONS
The two-nucleon-removal spectral function of 16 O is studied with emphasis on the presence of high-momentum components in the relative wave function of the removed pair. These high momenta are introduced into shell model ͑relative͒ wave functions by the addition of defect functions calculated with the Bethe Goldstone equation ͓38͔ and by using correlation functions obtained from variational calculations ͓54͔. Within the shell model space, consisting of four major shells, long-range correlations are treated with the dressed RPA ͑DRPA͒ method. The DRPA calculation of the two-nucleon-removal amplitudes, leading to the final states in 14 C, employs the G-matrix effective interaction from the Bonn-C potential. These amplitudes are used together with the defect or correlations functions to investigate the effect of short-range correlations on the two-nucleon-removal spectral function. It is found that at high momenta (2 -5 fm Ϫ1 ) the spectral function is roughly a factor of 2 larger when calculated with the defect functions of the Reid-soft-core potential than with those of the Bonn-A or Bonn-C potential ͑see Figs. 9 and 10͒. Distinct shapes and much larger differences for the spectral functions are obtained with the correlation functions, deduced from the older semirealistic KK and OMY NN potentials.
Since the ground state of 14 C is well separated from the excited states, a missing-energy resolution of 4 MeV in (e,eЈpp) experiments is sufficient to study its spectral function separately. The largest cross sections must be expected for the 2 ϩ states at about 7 -8 MeV, however. This is indicated by the 1 S 0 pair removal spectral function of Fig. 7 . In the region of final states with negative parity, above 40 MeV, the 3 P contribution might be studied by filtering out the L c.m. ϭ 0 part ͑cf., Fig. 8͒ of the cross section. Although the 3 P defect functions are in general smaller than the 1 S 0 defect function, they may yield the dominant contribution for the 14 C ground state under special kinematical conditions, as illustrated in Fig. 11 for angles ␥ pq Ϸ75°-80°. This may be traced back to a node in the 1 S 0 defect functions for Bonn and Reid potentials at relative momentum ͉p 1 Ϫp 2 ͉/2 slightly below 2 fm Ϫ1 , shown in Fig. 5 . For higher relative momenta, where the 1 S 0 defect function is the dominant factor, the longitudinal cross section predicted with the Reid potential is roughly a factor 2 larger than for the Bonn and Argonne potentials. To probe this region one needs an electron beam of several GeV.
Before making strong recommendations for such experiments, one should also take other mechanisms into account than the spectator approximation ͓9͔ adopted here, though under suitable conditions they may turn out to be less important. Meson-exchange currents are suppressed for two-proton knockout as the exchanged meson is uncharged ͓10͔. Experiments should be performed at low missing energies for the AϪ2 system in order to avoid the domination of the cross section by the excitation of the ⌬ resonance. For this reason it is also important to perform a separation of longitudinal and transverse cross sections. C. The kinematical setup corresponds to a virtual photon momentum q which is directed along the z axis and has a magnitude of 2 fm Ϫ1 , and both proton momenta with magnitude 1.8 fm Ϫ1 detected at an angle ␥ pq . The beam energy p 0 is 700 MeV, the transferred energy is 150 MeV, and the scattering angle of the electron is 34.8°with a corresponding virtual photon polarization of ϭ0.81. As explained in the text, the cross sections below 50°are largely spurious.
